We report on the effect of sp 3 hybridized carbon atoms in acene derivatives adsorbed on metal surfaces, namely decoupling the molecules from the supporting substrates. In particular, we have used a Ag(100) substrate and hydrogenated heptacene molecules, in which the longest conjugated segment determining its frontier molecular orbitals amounts to five consecutive rings.
spectra and the associated double tunneling barriers, or in the Kondo peak that is due to a net spin S=1/2 of the molecule as its LUMO becomes singly charged. The spatially dependent appearance of the charging resonances as peaks or dips in the differential conductance spectra is further understood in terms of the tunneling barrier variation upon molecular charging, as well as of the different orbitals involved in the tunneling process. TOC Polyaromatic hydrocarbon (PAH) molecules attract great interest due to the enormously tunable properties they display as a function of their chemical structure. For example, by rearranging their carbon backbones, PAHs can change from wide bandgap organic semiconductors to high-spin organic ferromagnets. 1 In the particular case of polyacenes, a subclass of PAHs that consist of linearly fused benzene rings, a notable size-dependence is observed, changing from a closed-shell
to a dominant open-shell character as the number of rings increases beyond six. 2, 3 The latter confers a high reactivity upon such acenes. To circumvent the associated difficulties in their synthesis, the surface-supported synthesis under ultra-high-vacuum (UHV) conditions 4 has become an increasingly popular approach. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The vacuum environment and the atomically flat substrates further provide excellent conditions for molecular characterization, which can be performed at the single molecule level by scanning probe microscopy. However, when adsorbed on metallic surfaces, hybridization of the molecules with the substrate significantly modifies their properties and leads, at best, to a substantial broadening of the orbitals. Thus, a decoupling of the molecules from the underlying metal substrate becomes not only beneficial but often strictly necessary to characterize the intrinsic molecular properties.
To this aim, a variety of methods have been applied. Examples include the intercalation of new species between metal and adsorbate (extensively used e.g. in graphene-based research), [16] [17] [18] or the use of metal-supported insulating buffer layers as substrates. [19] [20] [21] The chemical addition of bulky side groups to the molecular structure of interest, which can act as molecule-substrate spacers and thereby reduce their coupling strength, has also been proved successful. 22, 23 Herein we report the decoupling of polyacenes from an underlying Ag(100) surface by exploiting the nonplanarity of the organic backbone imposed by sp 3 -type functional groups.
Hydrogenated polyacene derivatives are stable molecules that can be easily deposited onto clean surfaces by sublimation under ultra-high-vacuum conditions and have been used as starting reactants for their transformation into acenes by controlled dehydrogenation. 10, 11, 13 As can be discerned in Fig. 1a and Fig. 1b , the hydrogenated rings (imaged by STM with CO-functionalized probes in the repulsive regime as larger rings (Fig. 1c,d) ) feature sp 3 hybridized carbon atoms that break the conjugation along the molecule. It has been demonstrated that the energy gap between the frontier electronic states (highest occupied molecular orbital/HOMO and lowest unoccupied molecular orbital/LUMO) of such molecules is ultimately determined by the longest conjugated acene segment, and is remarkably similar to the bandgap of acenes of the same length. 10, 11, 13 That is, the di-hydrogenated heptacene derivative displayed in Fig. 1b,d , which has been obtained from the controlled tip-induced dehydrogenation of 5,9,14,18-tetrahydroheptacene precursors (Fig.   1a ,c), 10 features five rings as the longest conjugated segment and is characterized by a bandgap similar to that of pentacene. 10 Proof of the similar electronic properties of 5,18-dihydroheptacene (hereafter referred as dihydroheptacene) and pentacene is provided in Figs. 1e-h, which display calculated low-energy states for the molecules adsorbed on Ag(100). In the case of pentacene they strongly resemble the LUMO ( Fig. 1e ) and HOMO ( Fig. 1g ) of free-standing pentacene, 21 while the analogous calculations for dihydroheptacene ( Fig. 1f ,h) reveal a striking similarity. As such, dihydroheptacene can also be considered as a "functionalized pentacene" (2,3-alkylpentacene). STM images with CO-functionalized probes in the repulsive interaction regime of 5,9,14,18-tetrahydroheptacene (c) and 5,18-dihydroheptacene (d) (U = 2 mV). Calculated charge densities associated with the frontier molecular orbitals of pentacene (LUMO (e) / HOMO (g)) and 5,18-dihydroheptacene (LUMO (f) / HOMO (h)). Constant current STM image of 5,18-dihydroheptacene recorded at U=20 mV / I=100 pA (i) and a simulated STM image of the 5,18dihydroheptacene LUMO level (j). Note that the differences between experiment (i) and theory (j) arise from the swave probe used in the simulations vs. the p-wave character of the CO-functionalized probe used in the measurements. 21 Previous studies of pentacene on Ag(100) have shown the energy level alignment to be such that the LUMO is aligned with the Fermi energy and consequently partially occupied with an estimated charge of 0.7 electrons. 24 Any charge transfer-related magnetism is hindered by the substrate: The LUMO is substantially broadened by hybridization with the metal, and the high level of screening reduces electron correlations. 25, 26 In contrast, when the molecule is electronically decoupled from the underlying Ag(100) by a MgO bilayer, the integer charge transfer of one electron to pentacene confers the system a net spin S=1/2 and two spin-split resonances of the former LUMO above and below the Fermi level (the singly occupied (SOMO) and singly unoccupied (SUMO) molecular orbitals, respectively). 24 Focusing now on dihydroheptacene on Ag(100), the contrast in scanning tunneling microscopy (STM) measurements at low bias values close to the Fermi level ( Fig. 1i ) resembles the simulated image of the molecular LUMO ( Fig. 1j ). This underlines again the similarities of dihydroheptacene with pentacene in terms of molecular bandgap and energy level alignment, with the LUMO energy around EF. However, it is important to note that there is a great variability in the scanning tunneling spectroscopy (STS) measurements of dihydroheptacene. Figure 2 to a double tunneling barrier. 27, 28 The presence of a double tunneling barrier implies an effective decoupling of the molecule from the underlying substrate, which is neither expected from molecules in direct contact with transition metal surfaces nor observed for the closely related pentacene on Ag(100). Here, the key to rationalizing this surprising finding is the presence of the hydrogenated sp 3 C atoms of dihydroheptacene, which impose a non-planarity to the molecule ( Fig. 2e ) that sufficiently reduces its electronic coupling from the substrate to generate the double barrier in the tunneling process. In a conventionally pictured double barrier, at zero sample bias there is no electric field across the tunneling junction ( Fig. S3a,b) . When a positive sample bias is applied, an electric field is established and the associated potential drops partially across the first (substrate-adsorbate) barrier ( Fig. S3b) . As a consequence, the molecular orbitals shift up in energy with respect to the substrate´s Fermi level. At a certain bias threshold, an occupied orbital can eventually cross the Fermi level and cause the transfer of an electron to the substrate. If the tip-sample distance (second tunneling barrier) is reduced, the voltage drop across the tip-molecule barrier is enhanced, requiring lower bias values to reach the charge transfer threshold (Fig. S3c ). The opposite scenario would apply at negative sample bias: The molecular orbitals would be shifted to lower energies until an electron is transferred from the substrate to an initially unoccupied molecular orbital at a threshold bias that decreases (in absolute numbers) as the tip-sample distance is reduced.
An interesting point is that in our measurements the charging resonances shift in the same direction (to lower sample bias values) when reducing the tip-sample distance ( Fig. S2 ) and display the same concave curvature in the stacked spectra regardless of whether they appear at positive ( Fig. 2d ) or negative ( Fig. 2b) bias. In fact, the curved charging resonance trajectory along the molecule often crosses the Fermi level ( Fig. 2c ). This is inconsistent with the common assumption of a zero electric field at zero bias and instead implies that, at least in cases like Fig. 2b and Fig.   2c , the zero electric field condition occurs at negative sample bias, in particular more negative than the "charging peak parabola" onset ( Fig. S3d ). This is understood in a straightforward manner assuming different work functions for tip and sample, which establish a contact potential difference and the associated electric field when brought into tunneling distance (Fig. S3d) . Indeed, the zero electric field bias corresponds to that typically measured in Kelvin Probe Force Microscopy, which in most of the cases differs from zero and varies with both tip and sample. 29 We can thus now conclude that the charging resonance involves in all cases (whether at positive or negative bias values) the same molecular orbital, namely the LUMO. It is close in energy to EF and can thus be easily brought across the substrate´s Fermi level by electric fields at the tunneling junction. At bias values above or below that of the charging resonance the LUMO is empty or occupied, respectively. For that reason, whenever the zero bias point coincides with a molecule in its charged state (occupied LUMO), a zero bias resonance appears in the spectra (Fig. 2c-d) , but not if the molecule at zero bias is in its neutral state (Fig. 2b-c) . The zero bias resonance is a manifestation of the Kondo effect associated with the spin 1/2 of the molecule as a single electron occupies its gas-phase LUMO. 30, 31 Its temperature-dependent width is in agreement with a Kondo temperature of 73±2 K (Fig. S4 ) and its presence is further proof of the decoupling effect that the "pentacene functionalization" at C-2 and C-3 with sp 3 carbon atoms brings about. If that were not the case, a broader LUMO level and reduced electron correlations would cause an equal population of spin up and spin down LUMO orbitals, resulting in no net spin and no Kondo peak, as in pristine pentacene. 24 A question that arises at this point, however, is where the large variability displayed by the charging resonances comes from. Being an electric field-driven effect, it depends largely on the tip, on the sample, as well as on the contact potential difference between them. Different tips (in terms of shape, but also tip apex functionalization) 29 will notably impact the electric field lines within the tunneling junction and thus the charging resonance appearance. By way of example, Fig. 3a shows the conductance spectrum obtained with a metallic tip on the "functionalized pentacene" molecule marked with a blue point in the inset. The charging peak appears at negative bias. Consequently, at zero bias the molecule is in its neutral state and no Kondo peak is observed.
As the tip is functionalized by picking up the molecule marked with the white oval, the tip´s work function and the overall electric field at the tunneling junction change dramatically. As a result, a conductance spectrum taken on the same molecule as in panel (a) now shows the charging resonances at positive bias (Fig 3b) . The molecule is therefore charged at zero bias and displays a Kondo peak. However, not only the tip matters for the charging resonance appearance, but also inhomogeneities in the sample. The tunneling barrier and the electric field within the tunneling junction is also affected by the polarizability of a molecule´s surroundings, by neighboring molecules, as well as by surface and subsurface defects. [31] [32] [33] That is, even with the same tip, molecules sharing the same structure may display different charging peaks. 31 Fig. 3c displays a conductance map measured at -80 mV of a variety of hydrogenated heptacene derivatives on Ag(100). 10 The charging rings involving the "functionalized pentacene" molecules all show different shapes, sizes, and are even centered on different molecular positions, underlining the aforementioned variability. Fig. 3d shows STS data acquired with the same tip on equivalent positions of different "functionalized pentacene" molecules. The inset shows the dI/dV spectra, revealing charging resonances at very different bias values, around 0.4 V apart. Associated I vs. z curves taken at the same positions reveal the expected linear behavior when the current is plotted logarithmically, and notably different slopes (Fig. 3d ). The slopes correlate with the effective barrier at the tunneling junction, which is typically associated with an average of tip and sample workfunction. 34 The tip being the same and other parameters like the geometry or local density of states being virtually unchanged between single molecules on the same substrate, the change in the effective barrier must relate to local substrate inhomogeneities. The effective barrier height associated with the red curve is 4.81 eV, while that of the orange curve is 0.51 eV lower. As discussed above, the zero electric field occurs at bias values below that of the charging peak, implying a lower work function of the substrate than of the tip. For the red curve, the higher barrier implies a larger substrate work function, thus closer to that of the tip. In turn, the electric field at zero bias is lower and causes a smaller upward shift in energy of the LUMO. As a result, the charging peak appears at lower bias values.
When the charging resonances occur at positive bias, they appear everywhere as a sharp maximum (Fig. 2d) . Interestingly, the charging resonances at negative bias instead show a location-dependent appearance, namely as a peak near the molecular ends and as a dip around the "pentacene" segment's center or on the substrate (Fig. 2b,c) . The same effect can be observed in conductance maps of the charging rings. When they appear at positive bias, the charging rings (and their concentric vibronic satellites) are imaged everywhere as a conductance increase (Fig. 4a,b) .
Instead, charging rings at negative bias are imaged with a reduced conductance signal on the substrate, an even stronger reduction around the "pentacene" segment's center, and with an increased conductance signal near its ends (Fig. 4c,d) . We rationalize these findings as follows.
As an adsorbate becomes charged with an electron (hole) from the surface, that charge redistribution causes an interfacial dipole that increases (decreases) the effective tunneling barrier.
In our experiments, at bias values below that of the charging resonance we have molecular species charged with an extra electron. This charge transfer causes an interface dipole that increases the tunneling barrier and thus reduces the associated tunneling current. As the molecule becomes neutral at higher bias values, the barrier decreases and the tunneling current increases. While at positive bias values this increase in current results in a sharp peak in the dI/dV signal (Fig. 4e) , a similar increase of the tunneling intensity at negative bias appears as a dip (Fig. 4f ). Taking these considerations into account we would expect the charging resonances to appear everywhere as dips at negative bias and as peaks at positive bias. pA, Lock-in Uosc=1 mV). The latter corresponds to the molecule marked with a dashed square in Fig. 3c . Note that the ring's asymmetry, shape and center vary from molecule to molecule. Schematic graphs of the expected current modulus, current and dI/dV signal evolution associated with the local work function modification as a molecule changes its charge state at positive (e) and negative bias (f). Simulated dI/dV maps at 10 Å above the molecular plane at the HOMO (g) and LUMO (h) energies. (i) Comparative cross section of the calculated dI/dV signal along the long molecular axis at 10 Å above the molecular plane (the molecular structure inset is drawn to scale for guidance).
However, there is an additional effect to consider. In a singly charged molecule, the lowest energy states are the singly occupied molecular orbital (SOMO) and the singly unoccupied molecular orbital (SUMO), both of them related to the gas-phase LUMO. Instead, for a neutral molecule the frontier orbitals are the HOMO and the LUMO. That is, the unoccupied frontier states for charged and neutral molecules share the same wavefunction symmetry and spatial distribution of the gas-phase LUMO. Thus, for positive bias values on either side of the charging resonance, the orbitals involved in the tunneling (whether resonantly or only through the electronic state's tails) are always LUMO-related.
Focusing on the occupied states, the frontier states for charged and neutral molecules relate to the gas-phase LUMO and HOMO, respectively. Thus, for negative bias values on either side of the charging resonance, two different orbitals with very disparate wavefunction symmetry and spatial distribution are involved in the tunneling process. Their decay perpendicular to the surface plane ( Fig. 4g,h) and consequently the tunneling transmission function between tip and sample is locally very different. As a result, at the same tip height it is the HOMO that provides a larger signal in the central region of the "functionalized pentacene", while it is the LUMO on the outer sides of the molecule (Fig. 4i ). This has a strong impact on the measured conductance as the charging resonance is crossed while ramping up the bias and the orbital dominating the tunneling process changes from the gas-phase LUMO to the gas-phase HOMO: the conductance signal increases towards the molecular ends and decreases towards the center of the "pentacene" segment.
This effect is convoluted with that described earlier of the different tunneling barrier at either side of the charging resonance. At negative bias, the latter imprints a dip-like appearance to the charging resonances on the substrate nearby the molecules (Fig. 4d ). As the tip moves onto the molecules and the molecular orbitals become directly involved in the tunneling process, the modified tunneling transmission promotes the dip on the central region of the molecule (Fig. 4d) .
In contrast, on the outer regions of the molecule it reduces the current as the charging threshold is crossed, compensating and even reverting the effect of the lower effective tunneling barrier on neutral molecules, thus finally appearing as a dI/dV peak in those regions.
In conclusion, we have characterized the critical effect of sp 3 carbon atoms along the backbone of acene derivatives on their electronic decoupling from the supporting substrates. Partially hydrogenated heptacene molecules, in which the longest conjugated segment determining its electronic properties corresponds to a "pentacene", have been used as test molecules. The nonplanarity imposed by the sp 3 carbon atoms drives an electronic decoupling from the underlying Ag(100) substrate that has been shown to be sufficient to establish a double tunneling barrier and stabilize a singly charged molecule holding a net spin S=1/2. Interestingly, the charging resonances display a spatially dependent appearance as peaks or dips, which has been associated with the tunneling barrier variation upon molecular charging, as well as with the different orbitals contributing to the electron tunneling in their charged or neutral state.
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